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Dam construction conﬂicts are typically multidimensional, complex, and dynamic. Until recently, the
environmental impact assessment of large dam projects was not fully acknowledged due to the uncer-
tainty of the issue and the current knowledge on the accountability of ecological services. The mea-
surement on the sustainability of the production system with a holistic view are thus of great relevance
for the decision makers to implement the sustainable energy policy. In this paper, an integrated EMergy
accounting was presented for assessing how the Three Gorges Dam project has performed based on the
sustainability criteria. We quantiﬁed each EMergy ﬂow component of energy, material and purchased
input with available data in an assumed 100-year lifetime run. Special attention is focused on three
simpliﬁed scenarios for estimating the EMergy cost of sediment. Our results showed that when the
EMergy cost of sediment was counted, the Environmental Sustainability Index decreased dramatically
with the increasing of the nonrenewable input. The results serve as a reminder of the necessity to apply
different transformities for sediment EMergy cost in any hydro project, depending on the unique
ecological service of sediment in the local river system. However, due to the high intensity of local
renewable EMergy ﬂow, the Environmental Loading Ratios and the Investment Ratios of the Three
Gorges Dam system were relatively low. In spite the ﬂuctation, the Environmental Sustainability Index
remained higher than that of China in 1996, no matter the sediment EMergy cost was included or not.
© 2015 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
As powerful symbols of modernization, the big dam era started
with the construction of the Hoover Dam on the Colorado River in
the 1930s. Large dam-building projects were parallelled with im-
provements in engineering skills and construction technology after
theWorldWar II. By the year 2000, the world had built over 45,000
large dams (WCD, 2000). Many people believe that more dams will
be needed in the future to meet the increased demands of the
increasing population and water consumption. However, in recent
years, the value of dams to human society has been questioned
because they pose severe environmental and social risks in their life
time (Bednarek, 2001; Sikder and Elahi, 2013). Intensive opposition
to large dam construction has been aroused in many places. Un-
derpinning many of these augments is the evidence of severe
environmental and socioeconomic degradation after river
damming (Beck et al., 2012; McCully, 1996; Pearse-Smith, 2012). InLtd. This is an open access article uresponse to the dam construction conﬂict, WCD (World Commis-
sion on Dams) released a ﬁnal report entitled Dams and Develop-
mente a New Framework for DecisionMaking in 2000, presenting its
harsh criticism of large dams as well as recommendations on how
to deal with the differing interests and conﬂicts over dam projects
(Bird and Wallace, 2001). Since then, applying the WCD's frame-
work was believed to result in better decision-making at the pre-
liminary stage of dam planning (Bosshard, 2013; Pearse-Smith,
2014; Skinner et al., 2009).
There are real and varied beneﬁts that human beings obtain
from large dam construction. In China, the annual mean shares for
hydropower has remained constant in China, 6.90% in the total
energy production during 2000e2011 (Hu et al., 2014). Due to the
huge gap between energy supply and demand, the Chinese gov-
ernment has been pressed ahead with plans to build multiple large
dams in western provinces. The development of large hydro plants
is expected to provide sufﬁcient energy to meet the overall re-
quirements, as well as a notable cutting in CO2 emissions during the
power generation. According to the National Development and
Reform Commission of China, 366 g of coal produced 1 kWh ofnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Features of the Reservoir and Dam buildings of the TGD project.
Engineering structures Item Index
Reservoir Reservoir area 1084 km2
Normal storage elevation 175 m
Total storage 393  108 m3
Storage for ﬂood reduction 221.5  108 m3
Improved navigation channel 570e650 km
Dam Buildings Maximum height of dam 175 m
Installed capacity 2250  104 kW
Annual electric generation 847  108 kW h
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Dam (TGD) project at full power reduces coal consumption by 31
million tons per year, which prevents 100 million tons of green-
house gas emissions. The competitive advantagesmeet the national
strategic demand for more economic and cleaner energy supply, in
spite of the fact that the lakes created by large dams act as a source
of greenhouse gas emissions. In the case of Itaipu Power Plant, the
greenhouse gas emissions were estimated as 9.644  104t CO2/yr
plus 1.175  104 t CH4/yr from Itaipu's reservoir (Ribeiro and
Silva, 2010).
Except for the success in improving people's life quality, some
underestimated environmental consequences of the TGD project
have become visible since the reservoir started ﬁlling to the height
of 135 m in 2003. According to the systematic hydrological data
between 1950 and 2010, the signiﬁcant deposition centre of sedi-
ment shifted from the middle and lower reaches (before 2000) to
the upper Yichang following the river impoundment in 2003 (Dai
and Lu, 2014). Moreover, due to a series of environmental projects
and hydropower cascade development in the upper Yangtze River,
the sedimentation rate (average 176 Mt per year for the 2008e2010
period) in the reservoir was much lower than expected. However
the downstream riverbank erosion in the middle reaches was
signiﬁcantly underestimated in the early EIS (Environmental Impact
Statement for the Yangtze Three Gorges Project) Report (Xu et al.,
2013). The annual erosion rate downstream averaged
108.8 million m3 from 2002 to 2010, which was greater than the
average of 6.25 million m3 per year in 1975e2002 (Lu et al., 2011).
Riverbank collapse not only occurred in the midstream but also
expanded to the downstream and estuarial zone, coinciding in the
sharp decline in sediment load at Datong (the lowest gauging station
of Yangtze River) since 2003 (Dai and Lu, 2014). Another under-
estimated environmental problem in the early EIS report was the
water quality deterioration and eutrophication in the reservoir area.
The frequency of algal bloom events in the reservoir area increased
from three events in 2003 to 26 events in 2010, with a widening
affected scope ofwater body (Yang et al., 2009). In addition, over 80%
of the available phosphor and heavy metal pollutants are absorbed
in the suspended sediments, which are partially precipitated in the
reservoir. When dredging the drainage ditch behind the dam, the
pollutants are released into the water. Between 2001 and 2010, the
Chinese government budgeted approximately RMB 40 billion yuan
for the Water Pollution Prevention Plan for the Three Gorges Reservoir
and the upper Reaches of the Yangtze River (Revised), to improve the
water quality and reverse eutrophication. However, the target of
water quality criteria has not yet been achieved.
These severe environmental impacts are more or less linked to
the sediment and nutrient retention after the impoundment.
Combined with other disputes in the TGD project, these under-
estimated consequences urgently require reassessing for a better
acknowledgement on the dam project sustainability. Relying only
on energy security and CO2 abatement to measure the sustain-
ability of the TGD project is not sufﬁcient without considering other
uses of environmental services (New and Xie, 2008; Romitelli,
1997; Shen and Xie, 2004; Tilley and Comar, 2006). In the long
run, dam projects may be far more destructive and threaten human
well-being than the tons of CO2 released (Brown and Ulgiati, 2002).
The mentioned drawbacks have also reduced the green power ef-
ﬁciency of large-scaled hydro (i.e., more than 15 m in height or, if
5e15 m high, has a storage capacity of more than 3 million cubic
metres) in comparison to small-scaled ones (Hicks, 2004; Pang
et al., 2015; Kosnik, 2010).
The environment has a renewable capacity to support economic
processes and humanwelfare. As one of the natural components of
river system, sediment provide a variety of ecological services in
ﬂuvial geomorphology, biogeochemistry, and engineering, as wellas land ocean interactions (Dai and Lu, 2014). The erosion and
sedimentation processes are strongly linked to the change of hy-
drology of a river after large dam building. Globally, Syvitski et al.
(2005) estimated that reservoirs hold over one billion tons of
sediment, preventing sediment transport to coastal areas, reducing
nutrient delivery to agricultural areas and increasing coastal
erosion rates. In the environmental impact assessment of dam
projects, Brown and McClanahan (1996) ﬁrst identiﬁed the largest
environmental impact of the Mekong River Dam as the loss of
sediment delivery to downstream ecosystems.
EMergy analysis, as a feasible method to appraise the total en-
ergy embodied in any product or service, has been considerably
advanced in the efﬁciency and sustainability evaluation as well as
in the comparison of different production systems (Brown, Ulgiati,
2002; Lima et al., 2012; Pang et al., 2015; Wang et al., 2014; Wang
et al., 2015). Due to the unit EMergy baseline could be different in
the EMergy method, how to determine the EMergy transformity of
sediment ﬂow component in a hydro project is not fully explored
yet. In some cases, the EMergy estimate on sediment is based on
transformity of the organic energy contained in the sediments
(Brown and McClanahan, 1996; Kang and Park, 2002), while in
other practices, sediment EMergy was ignored (Pang et al., 2015;
Zhang et al., 2014) or calculated as a renewable resource by sum-
ming the rainfall and geologic contributions and dividing by the
annual ﬂow of sediments (Martin, 2002). Accordingly, the purpose
of this study is to quantify each EMergy ﬂow components of the
TGD project system under three scenarios with considering the
potential cost of sediment. Two important questions to be
addressed are how to objectively assess the environmental and
ecological disadvantages of sediment after river damming and
whether the TGD project yields a net public beneﬁt with sustain-
ability criterion within the assumed 100 years life time.
2. System description
The TGD project is located at Sandouping, Yichang, Hubei
Province, on the upper Yangtze River. Being the longest river in
Asia, the Yangtze River ﬂows for 6418 km from the glaciers on the
Tibetan Plateau in Qinghai eastward across southwest, central and
eastern China before emptying into the East China Sea. The Yangtze
River drains one-ﬁfth of China's land area, and its river basin is
home to one-third of China's population. The elevation decreases
from above 5000 m to less than 1000 m along the river course.
After a long-term feasibility study and comprehensive design,
Three Gorges Dam began construction in 1992. The dam's main
structure was completed in 2006, and the ﬁrst generator started
working on July 10, 2003. Before the dam construction, the average
discharge of the Yangtze River was 30,166 m3/s. The sediment load
was 5.3  108 t/yr at the Yichang gauge station near the dam. The
Three Gorges Dam controls a drainage area of 1.0 106 km2, which is
55% of the total catchment area of Yangtze River, with a reservoir
capacity of approximately 20 Gm3. Table 1 shows the main engi-
neering features andmultipurpose of the dam project (Zhang,1998).
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in China due to the uncertain environmental and social conse-
quences. The contentious environmental issues surrounding the
TGD have centred on water quality, ﬁshery, sedimentation and
downstream riverbed erosion, reservoir-induced seismicity and
geological instability, human displacement and environment car-
rying capacity in the reservoir area (Xu et al., 2013). Before con-
struction, the Environmental Impact Statement for the Yangtze Three
Gorges Project (EIS Report) was employed by the Chinese govern-
ment at all levels as an authoritative guideline for the imple-
mentation of the TGD project.3. EMergy accounting method
EMergy analysis was developed by H.T. Odum to provide a
method of assessing different systems (Odum, 1996). In a thermo-
dynamic viewpoint at the process scale, the total available energy
in a product (natural resources) or service is made up of previously
transformed energy. Different inputs to a process can be normal-
ized by using the tranformities and converted into the equivalents
of one form of energy, usually sunlight.
Within a common evaluation framework, EMergy accounting
requires systems diagrams to organize evaluations for all inﬂows
and outﬂows in a production process. The system diagram in the
dam project was ﬁrstly proposed by Brown and McClanahan
(1996). Because we are interested in the EMergy ﬂows of the TGD
project, the system diagram helps to organize data collection and to
ensure that all necessary ﬂows are taken into account.
Data, including construction materials, source energy, labour
and service in construction as well as in operation and mainte-
nance, and other environmental or economic inputs and outputs
were obtained before and after the dam construction. Evaluation
table of the actual ﬂows of energy, materials, capital and services
was then constructed (Table 2). All EMergy ﬂow components were
calculated in their raw units and were converted by the trans-
formities calculated earlier or in this paper (see Appendix 1).
Moreover, the total sediment silted volume was estimated as the
sum of the dead storage capacity and the 10% effective storage
capacity of the reservoir in the assumed 100 years life according to
the ESI report. Three scenarios for the estimation of sediment
Emergy were expected to provide meaningful information on the
environmental services of the sediment before the river
impoundment. The sediment EMergy cost in the TGD project sys-
tem was thus estimated as no EMergy involved (S1), EMergy input
in terms of contained organic energy (S2) and EMergy input in
terms of geopotential (S3). Those details on sediment EMergy
calculation in scenario 2 and 3 were also shown in Appendix 1(17).
Three aggregating ﬂows (Nonrenewable, Renewable and Pur-
chased input) were used for the sake of simplicity. To avoid double-
counting, only the environmental input of the river geopotential
was calculated as the total input of renewable resources (Appendix
1(6)). Afterwards, the EMergy yield ratio (EYR), the investment
ratio (Ir), the environmental loading ratio (ELR) and the environ-
mental sustainability index (ESI) were calculated for lending insight
into the overall sustainability.
EMergy yield ratio; EYR ¼ Y=ðNþ FÞ
Investment ratio; Ir ¼ F=ðNþ RÞ
Environmental loading ratio; ELR ¼ ðN þ FÞ=R
Environmental sustainability index; EIS ¼ EYR=ELRNote: F, N, R denote the EMergy ﬂows in terms of purchased
input, non-renewable and renewable resources, respectively.
Herein, EYR provides insight into the net beneﬁt of the dam
project. Ir measures the feedback of the process fuelling by local
resources and imported (or purchased) EMergy ﬂows. ELR mea-
sures the impact to the environment around the process. And ESI
evaluates the sustainability of a process or system performance.4. The estimate for the EMergy cost of sediment arrested in
the Three Gorges Reservoir
The main EMergy inputs of the dam project come from 4 sour-
ces: renewable (R) and nonrenewable resources (N1) from the
environment, original ecosystem services of the original sub-
merged land (N2), and purchased inputs for construction and
maintenance of the dam project (F) (see Table 2). In addition to
producing electricity, the multipurpose dam project is intended to
increase the Yangtze River's shipping capacity and to reduce the
ﬂoods downstream by providing ﬂood storage space. By compari-
son, the electricity product proﬁt is the largest beneﬁt of the TGD
project, which is 4.85 1022 sej/yr, approximately 92.7% of the total
EMergy beneﬁt. The proportion is much larger than that of ﬂood
control (5.9%) or navigation (1.4%).
Table 2 also provides an illustration of how EMergy ﬂow com-
ponents are calculated. By multiplying the transformities on the
fourth column, the main components in raw units were then
transformed to solar EMergy units. The sediment EMergy counted
in S2 and S3 has increased the nonrenewable input signiﬁcantly.
The total EMergy cost of sediments during the life span of the dam
is 49.56  1022 sej in terms of the organic biopotential (scenario 2)
and 650.53  1022 sej in terms of the geopotential (scenario 3)
[Appendix 1(17)]. That means the EMergy cost of sediment in terms
of the geopotential is approximately 13 times as much as that of
organics. The dramatic different estimations of the EMergy cost
reﬂect the potential environmental services of sediment in the
downstream Yangtze.5. The impact of the sediment EMergy ﬂow on the
sustainability of the TGD project
The aggregated diagram showed the main EMergy ﬂows of the
TGD project system in different scenarios with the nonrenewable
estimation (Fig. 1). Two types of nonrenewable resources were
calculated: (1) nonrenewable input (N1), including earth and rock
used for dam construction, and including or not including sediment
cost locked behind the dam structure; (2) the loss of original pro-
duction and services (N2) of land submerged in the reservoir. When
sediment is regarded as a nonrenewable resource input, the N1
EMergy ﬂow increased 3e25-fold in S2 and S3 in comparison
with S1, respectively. The EMergy yield of the TGD project
(523.1  1022 sej) surpassed the former system (12.12  1022 sej)
dramatically [see Appendix 1(18), Fig. 1].
EMergy indices provide a deep insight into the sustainability of
the dam project (see Table 3). The EYR of the TGD project
decreased from 6.9 in S1 to 0.7 in S3, indicating that the beneﬁt of
the dam project cannot offset the social and environmental cost in
S3. ESI was also sensitive to the inclusion of sediment EMergy loss,
which declined from 91.1 in scenario 1 to 0.98 in scenario 3. The
latter is higher than the ESI of China in 1996 (0.91) (Li et al., 2001).
Due to the high intensity of renewable EMergy ﬂow, the ELRs of the
TGD in the three scenarios were relatively low in comparison with
that of China (10.54) or the original agriculture ecosystem (2.80)
(Lan et al., 2002).
Table 2
EMergy accounting table for the TGD project (unit: 1020 sej. The dam life span is assumed as 100 yr).
Items Subclasses Raw unit Transformity
(sej/unit)
Solar EMergy
(1020 sej)
Renewable (R) 1 water geopotential 7.73  1017 J/yr 1.28  105 99003.5
EMergy beneﬁt for human society (Y1) 2 Electricity 3.05  1017 J/yr 1.59  105 48495
3 Flood control 3.82  108 $/yr 8.12  1012 3100.3
4 Shipping 1.35  1016 J/yr 5.3  104 715.7
5 Aquaculture total 8.25  1014 J/yr 4.40  102 0.36
52311.36
Direct and indirect inputs of nonrenewable (N1) 6 Earth and rock 2.68  1014 g 1.0  109 2680
7-S2 Sediment arrested (S 2) 7.87  1018 J 6.3  104 4956
7-S3 Sediment arrested (S 3) 5.97  1016 J 1.09  108 65053
Total-N11 2680
Total-N12 7636
Total-N13 67733
EMergy loss of ecosystem production and services(N2) 8 Production of crop land loss 1.16  1015 J/yr 8.30  104 96.28
9 Production of orchard submerged 6.02  1014 J/yr 5.3  105 319.1
10 Social disruption 3.75  107 people 4.38  1015 1642.5
Total 2057.9
Purchased input (F) 11 Concrete 6.78  1013 g 5.08  108 344.17
12 Steel 6.35  1011 g 5.07  109 32.2
13 Construction investment 8.69  109 $ 8.12  1012 706.03
14 Operation and maintenance 4.35  109 $ 8.12  1012 353.02
15 Electricity transmit service 5.61  109 $ 8.12  1012 455.18
16 Resettlement 9.18  109 $ 8.12  1012 745.48
17 Pollution reduction investment 4.74  109 $ 3.46  1012 163.9
Total 2800
Note: Data sources and calculation details are given in the Appendix 1. The total EMergy used in the dam project in different scenarios are calculated as below.
U1 ¼ R þ N11 þ N2 þ F ¼ (99003.5 þ 2680 þ 2057.9 þ 2800)*1020 sej ¼ 1.07*1025 sej.
U2 ¼ R þ N12 þ N2 þ F ¼ (99003.5 þ 7636 þ 2057.9 þ 2800)*1020 sej ¼ 1.11*1025 sej.
U3 ¼ R þ N13 þ N2 þ F ¼ (99003.5 þ 67733 þ 2057.9 þ 2800)*1020 sej ¼ 1.72*1025 sej.
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In a free ﬂuvial system, the drainage basin is the production
zone where water and sediments are generated, whereas the
middle zone is the transfer zone, which contains the main channel
for carrying material to be settled in the deposition zone. In this
way, nutrients and sediment are supplied to the ﬂoodplain, and the
ﬂoodplain provides a breeding ground for river species and im-
proves water quality through the settlement of sediment and the
absorption and re-cycling of nutrients and pollutants. River
damming reduces these links and services signiﬁcantly. The con-
cepts of river continuum, proposed by Vannote et al. (1980), and the
ﬂood pulse concept, proposed by Bailey (1991, 1995), offer a theo-
retical view of how impoundments are responsible for major dis-
ruptions in the longitudinal gradient of the river network and the
lateral connection between the river channel and the ﬂoodplain ofSun, wind, 
rain, earth 
cycle
Goods,
services,
fuel,
capital
Sed.,
earth and 
rock
Three Gorges 
project
Original landuse
being diverted
Y1
Y2
F: 28.0
N1:  26.8 (scenario 1)
76.4 (scenario 2)
677.3 (scenario 3)
1022 sej
12.12
523.1
N2:20.6
River
Sed.
Fig. 1. Summary diagram of EMergy ﬂows in the TGD project system in scenario 1, 2
and 3. Renewable, local non-renewable and purchased inﬂows enter the system for
hydroelectric production.alluvial rivers (Magilligan et al., 2003). Odum H T (1996) also
identiﬁed the river network as an example of the energy hierarchy.
An increase in energy quality often follows the river system orga-
nizing downstream, i.e., the river transformity downstream in-
creases as the available energy of river water declines. With the
growing acknowledgement of the importance for preserving free-
ﬂow rivers (Nilsson et al., 2005), the environmental impacts of
sediments and nutrient retention in the reservoir should not be
considered in isolation butmust be consideredwith thewhole river
ecosystem. In this case, the estimate of the EMergy cost of arrested
sediment may reﬂect the residual available energy which used to
work in the downstream before the river impoundment.
Renewable power plants are often characterized by high energy
return on investment. It explains why a high EYR of 7.6 is common
for hydroelectric generation (Brown and Ulgiati, 2002). In this pa-
per, a similar EYR of 6.9 was achieved in scenario 1 without
considering the sediment as a non-renewable EMergy cost. Pre-
sumably, this estimate in scenario 1 is more reasonable for dam
projects on a low sediment-carrying river. However, the Three
Gorge Dam was built on the 4th largest sediment-carrying river.
The maintenance of downstream ecosystems, i.e., ﬂoodplain
swamps, marshes, deltas and coastal ecosystems, depends on the
re-supplying of sediment to compensate for land subsidence, the
re-nourishing of depleted nutrient stocks and the supporting for
secondary production with rich organic material. The uniqueTable 3
EMergy-based indices for the TGP system in scenario 1, 2 and 3.
EMergy indices Scenarios
1 2 3
EYR 6.9 4.2 0.7
Ir 0.03 0.03 0.02
ELR 0.08 0.13 0.73
ESI 91.1 33.2 0.98
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due to the spatial relocation of sediments. Therefore, the sediment
EMergy cost in term of organics in scenario 2, reﬂected the side
beneﬁt of the nutrients contained in the sediments, which
contributed to the downstream and estuarine and riparian eco-
systems. In scenario 3, the EMergy cost in terms of geopotential
energy reﬂected the potential of sediments to work on the river
geomorphology. When sediments diffuse in the alluvial plain and
deposits, erosion is unlikely to occur. Owing to the predominance of
the artiﬁcial river course in the middle and lower reaches of the
Yangtze River, the EMergy estimate of the sediment cost in scenario
3may reﬂect themost important service of sediment in the original
downstream zone.
On the other hand, sediments can perform either an ecosystem
service or dis-service, depending on the location and what target
ecosystem is assessed. The irreversible change in hydrological
conditions after river impoundment exacerbates water pollution by
trapping pollutants and increasing eutrophication in the TGD
reservoir. These unforeseen environmental impacts can be attrib-
uted to the combined effects of the release of nutrients contained in
the sediments and the slowing tributary ﬂow. That means the
available energy (e.g., chemical or gravitational potential energy)
retaining in the sediment may cause the mis-directed work on
environment. Although hydropower plants do not produce any
pollutants, they are characterized as a high ratio of environmental
input to output. Additional insight of the ternary diagram (pre-
sented by Giannetti et al., 2006) representing the three main
EMergy ﬂows revealed the low proportion of purchased input. It
showed that the ESI and ELR are very sensitive to the inclusion of
sediment EMergy cost (see Fig. 2).
In the future, the mis-directed work of sediment on environ-
ment will continue. Consequently, the EMergy derived from eco-
nomic sources to mitigate the impacts or from environment to
dissipate the residual available energy should be increased, though
there was not much data for this estimation currently.7. Conclusion
Sediment arrested in the reservoir represented one of the most
remarkable investment from environment in the TGD project. WithFig. 2. Emergetic ternary diagram representing the TGD project in scenario 1, 2 and 3.the transformity of the different type of available energy involved,
the estimate for sediment EMergy cost in the TGD project were
49.56  1022 sej in terms of organics (S2) and 650.53  1022 sej in
terms of geopotential energy (S3). The sustainability of the dam
project is thus sensitive to the different estimates. However, due to
the high intensity of the renewable EMergy ﬂow, the environ-
mental load ratio (ELR) and investment ratio (Ir) of the TGD project
remained relatively low in these scenarios. With the ecological
services of sediment in Yangtze River taking into account, we
concluded that the EMergy in term of geopotential is the most
reasonable estimation of sediment for the TGD project. Based on
our practice, the selective application of the transformities for
estimating sediment EMergy cost is feasible in other hydro projects
according to the dominant ecological service of sediment in the
local river system.
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Appendix 1
(1) Transformity of sediment geopotential
Avg. discharge ¼ 451  109 m3/yr, Avg. sediment
discharge ¼ 5.3  108 t/yr (Yichang station)
Geopotential of river water:
Energy (J) ¼ (451  109 m3/yr)*(1.0  103 kg/m3)*(9.8 m/s2)
*(175 m) ¼ 7.73  1017 J/yr
Geopotential of sediments:
Energy (J)¼ (5.31011kg/yr)*(9.8m/s2)*(175m)¼9.091014 J/yr
Natural EMergy input to the upstream catchment of Yangtze
River:
(average annual rainfall: 1100 mm/yr; the upper Yangtze
catchment area: 106 km2)
Total annual solar emjoules ¼ (1100 mm/yr  103)
*(100  104 km2  106)*(1.0  106 g/m3) *(8.99  104 sej/
g)a ¼ 9.889  1022 sej/yr
Transformity of water geopotential ¼ (9.889  1022 sej/yr)/
(7.73  1017 J/yr) ¼ 1.28  105 sej/J.
Tansformity of sediment geopotential ¼ (9.889  1022 sej/yr)/
(9.09  1014 J/yr) ¼ 1.09  108 sej/J.
(2) Electricity (actual installed capacity ¼ 22.5  106 kW, Avg.
power ¼ 8.47  1010 kWh/yr, according to the TGD project
design in 1992)
EMergy beneﬁt ¼ (8.47  1010 kWh/yr)*(3.6  106 J/kWh)
*(1.59  105sej/J)b ¼ 48495  1018 sej/yr
(3) Aquatic production increase (reservoir surface doubled to a
total area of 1.08  103 km2; aquatic productivity was
assumed as 1 g C/m2/day)
EMergy beneﬁt ¼ (1 g C/m2/day)*(2.5 g OM/g C)*(1674 J/g OM)
*(365 day/yr)*(0.5)*(1.08  103 km2)*(1.0  106 m2/km2)
*(4.40  102 sej/J)b ¼ 0.36  1018 sej/yr
(4). Flood control (ﬂood storage capacity: 22.1  109 m3/yr,
economic beneﬁt from ﬂood control: 2.2  109 yuan/yr,
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level in 1992)
EMergy beneﬁt ¼ (2.2  109 yuan/yr)/(5.762 yuan/$)*
(8.12  1012 sej/$)c ¼ 3100.3  1018 sej/yr
EMergy of water geopotential¼ (22.1  109 m3/yr)*(1.0  103 g/
m3)*(9.8 m/s2)*(175 m)*(1.28  105sej/J) ¼4851.4  1018 sej/yr
(5) Navigation improvement (assumed 5.0  107 t/yr of freight
increase in shipping capacity with retrenched fuel consump-
tion along the 660 km upstream. Source from Guo, 2010)
EMergy beneﬁt ¼ (660 km  2)*(5.0  107 t/yr)*[7.6 g/
(t∙km)  2.9 g/(t∙km)]/(1  103 g/kg)*(1.04  104 kcal/kg)*(4186 J/
kcal)*(5.3  104 sej/J)h ¼ 715.7  1018 sej/yr
(6). River geopotential
Renewable EMergy(sej) input¼ (451 109 m3/yr)*(1.0 103 kg/
m3)*(9.8 m/s2)*(175 m)*(1.28  105 sej/J) ¼ 99003.5  1018 sej/yr
(7) Construction investment (5.01  1010 yuan, according to the
TGD project design in 1992 with price level in 1992. Source:
http://www.gov.cn/gzdt/2013-06/07/content_2421795.htm)
EMergy cost ¼ (5.01  1010 yuan)/(5.762 yuan/$)*
(8.12  1012 sej/$)c ¼ 706.03  1020 sej.
(8) Electricity transmit service (according to the TGD project
design in 1992 with price level in 1992. Source: http://www.
gov.cn/gzdt/2013-06/07/content_2421795.htm)
EMergy cost ¼ (3.23  1010 yuan)/(5.762 yuan/$)*
(8.12  1012 sej/$)c ¼ 455.18  1020 sej.
(9) Operation and maintenance (assumed to be half of the con-
struction investment)
EMergy cost ¼ ½*(5.01  1010 yuan)/(5.762 yuan/$)*
(8.12  1012 sej/$)c ¼ 353.02  1020 sej.
(10) Concrete use for dam building (Volume ¼ 2.71  107 m3,
according to the TGD project design in 1992)
EMergy use ¼ (2.71  107 m3)*(2.5  106 g/m3)*
(5.08  108 sej/g)d ¼ 344.17  1020 sej.
(11) Steel use for dam building (Weight ¼ 6.35  105 t, according
to the TGD project design in 1992)
EMergy use ¼ (6.35  105 t)*(1.0  106 g/t)*
(5.07  109 sej/g)e ¼ 32.2  1020 sej.
(12) Crop land loss
Crop area submerged and relocation of cultivated
land ¼ 2.1  108 m2, according to the general land use planning in
Chongqing city (1997e2010), 1996
Grain yield ¼ 3770 kg/ha/yr, according to the statistics data in
Chongqing, 2001
EMergy loss ¼ (3770 kg/ha/yr)*(1  103 g/kg)/(1  104 m2/ha)*
(2.1  108 m2)*(3.5 kcal/g)*(4186 J/kcal)*(8.30  104 sej/J)f ¼
96.28  1018 sej/yr(13) Orchard submerged
Area submerged ¼ 7.35  107 m2, according to the Flood treat-
ment and resettlement plan for the Three Gorges Reservoir of the
Yangtze River (1994)
Fruits yield ¼ 5594 kg/ha/yr, according to the statistics data in
Chongqing, 2001
EMergy loss ¼ (5594 kg/ha/yr)*(1  103 g/kg)/(1  104 m2/ha)*
(7.35  107 m2)*(3.5 kcal/g)*(4186 J/kcal)*(5.3  105 sej/J)f ¼
319.1  1018 sej/yr
(14) Resettlement (Number of people resettled ¼ 1.25  106
people, the immigration cost according to the auditing of
TGD project in 2013 at price level in 1993, source: http://
www.gov.cn/gzdt/2013-06/07/content_2421795.htm)
EMergy cost ¼ (5.29  1010 yuan)/(5.762 yuan/$)
*(8.12  1012 sej/$)c ¼ 745.48  1020 sej.
(15) Social disruption (assume it is equal to the EMergy value of
the population over a 30-year generation) Average EMergy/
Ppl ¼ 4.38  1015 sej/yr in 1996
EMergy loss ¼ (1.25  106 Ppl)*(4.38  1015 sej/yr/Ppl)h*
(30 yr) ¼ 1642.5  1020 sej.
(16) Earth and rock excavated for dam building
(Volume ¼ 1.03  108 m3, according to the TGD project
design in 1992)
EMergy use ¼ (1.03  108 m3)*(2.6  106 g/m3)*
(1.0  109 sej/g)g ¼ 2680  1020 sej.
(17) Sediments (assume silted volume ¼ dead storage
capacity þ 10% effective storage capacity)
Volume¼ (1.72 1010m3þ10% 2.21 1010m3)*(2.0 103 kg/
m3) ¼ 3.48  1013 kg.
EMergy1 ¼ (3.48  1016 g)*(1% OM)*(5.4 kcal/g)*(4186 J/kcal)*
(6.3  104 sej/J)b ¼ 4955.8  1020 sej.
EMergy2 ¼ (3.48  1013 kg)*(9.8 m/s2)*(175 m)*(1.09  108 sej/
J) ¼ 65053.4  1020 sej.
(18) TheEMergy loss of income in the submerged regions (Average
income ¼ 1017 yuan/person/yr, Zhang, 1998; the number of
residents in the submerged region is 8.462 105 according to
the ofﬁcial report. Source: http://news.xinhuanet.com/ziliao/
2003-05/30/content_896773.htm)
EMergy loss ¼ (1017 yuan/person/yr)*(8.462  105 people)/
(5.762 yuan/$)*(8.12  1012 sej/$)c ¼ 12.12  1020 sej/yr
(19) The investment on pollution reduction (Source from State
environmental protection administration (2001): Water
Pollution Prevention Plan for the Three Gorges Reservoir and the
upper Reaches of the Yangtze River (Revised))
EMergy cost ¼ (3.92  1010 yuan)/(8.277 yuan/$)*
(3.46  1012 sej/$)e ¼ 163.9  1020 sej.
Note: Transformities came from the following references. a:
Martin (2002); b: Brown andMcClanahan (1996); c: Chen and Chen
(2009); d: Brown and Ulgiati (2002); Zhang et al. (2009); f: Lan
et al. (2002); g: Odum (1996); h: Li et al.(2001). The exchange
J. Yang / Journal of Cleaner Production 112 (2016) 3000e30063006rate between Chinese yuan (RMB) and U.S. dollars (USD) used in the
paper was 5.762 in 1993 and 8.277 in 2002. Herein, the static in-
vestment ignored the yearly EMergy/dollar ratio variation which
depended mainly on the EMergy inputs to the country and on GDP.
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